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Introduction 50
Over the last few years, the petroleum crisis has made biocomposites significantly 51 important. The worldwide capacity of bio-based polymers is expected to increase from 52 2.33 million metric tons, Mt, (2013) to 3.45 Mt in 2020 [1] . Among biodegradable 53 polymers, poly(ε-caprolactone), PCL, has emerged as an important candidate for 54 polymer-based biocomposites in various applications due to its biodegradable character 55 and ease of processing using conventional plastics machinery [2] [3] . However, the 56 relative high price (ranging 4.50-6.00 € per kg) of PCL and its poor mechanical 57
properties have limited its large-scale production as a substitute of traditional polymers 58 [3] [4] . 59
The hydrolytic degradation and biodegradation by microorganisms in the environment 60 of PCL have been extensively investigated, being them very slow due to the polymer 61 hydrophobicity and crystallinity. Highly crystalline PCL was reported to totally degrade 62 in 4 days, observing a decrease in crystallinity during degradation [5] [6] . Three types of 63 lipase were found to significantly accelerate the enzymatic degradation of PCL: 64 M A N U S C R I P T 
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Attenuated total reflectance infrared spectroscopy (ATR-FTIR). A Bruker Analitik IFS 151
66 FTIR spectrometer (Ettlingen, Germany) equipped with a DTGS KBr detector and 152
Golden Gate single reflection diamond ATR accessory (incident angle of 45º) was used. 153 AS powder (2.00 ± 0.01 mg) was directly placed on the ATR crystal area for 154 measurements. Spectra were recorded in the absorbance mode from 4000-600 cm -1 , 155 using 64 scans and 4 cm -1 resolution, and corrected against the background spectrum of 156 air. Two spectra replicates were obtained for each sample. washed with distilled water to remove the lipase, gently wiped with paper, and vacuum-212 dried at room temperature to constant weight. The degradation process was followed by 213 determining the water adsorption and mass loss of the materials. Changes in the surface 214 structure of degraded samples were evaluated from FESEM images. For this purpose, 215
Cryo-surface sections of degraded biocomposites were gold-sputtered before scanning. 216
Finally, thermal parameters by DSC and TGA were also determined by using 217 experimental conditions previously described. 218 AS powder, ASP, (Fig. 1b) was obtained from AS industrial by-product (Fig. 1a) after 228 milling and sieving. The morphological characterization of ASP particles was studied 229 by FESEM. Fig. 1c The first peak observed at 263 ± 2 ºC was attributed to the thermal depolymerisation of 266 hemicelluloses and pectin, and the glycosidic linkages of cellulose. The main 267 degradation step (peak II) with T max at 330 ± 5 ºC was related to the degradation of 268 cellulose. Finally, the third peak was related to the oxidative degradation of lignin at 269 401 ± 3 ºC. In addition, a remaining non-volatile residue was observed at 1000 ºC 270 (around 20 %) which was associated to the fibre content present in the tegument; which 271 is composed of polysaccharides such as pectin and arabinose, and microfibrils of 
Mechanical characterization of PCL/AS biocomposites 294
The results obtained for tensile, impact and hardness tests for the studied PCL/AS 295 biocomposites are shown in Table 2 . Regarding tensile properties, a significant 296 improvement in Young's modulus was observed with the addition of AS particles andM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 13 increasing loading. In fact, the highest modulus value was observed at 30 wt% AS 298 loading (462 ± 30 MPa) compared to neat PCL (267 ± 12 MPa). The increase in 299
Young's modulus can be attributed to a good ASP/matrix adhesion allowing a high 300 homogeneity [26] . Also, this fact could be a result of the AS residue exerting a 301 resistance against the plastic deformation of the PCL matrix, which in turn restricts 302 polymer chain elongation with an increase in the rigidity of the material because the 303 mobility in the amorphous region becomes increasingly restrained, as the filler is stiffer 304 than the thermoplastic [10, 27, 35] . On the other hand, a significant reduction (about 97 %) in elongation at break was 311 observed for PCL 30 compared to PCL 20. These results are in good agreement with 312 those obtained when studying green PP composites obtained by twin screw extrusion 313 using turmeric spent as reinforcing filler [37] . In the present study, the obtained PCL-314 based biocomposites clearly showed an increase in tensile modulus and a reduced 315 elongation at break which are typical results for the reinforcement of the polymer matrix 316 [38] . 317
In addition to tensile mechanical behaviour, the Charpy impact energy and the Shore D 318 hardness of the studied biocomposites were also determined ( Table 1 ). The ability of 319 composites to absorb energy in impact conditions is directly related to the presence of a 320 continuous matrix which allows deformations and subsequently, energy absorption. FullM A N U S C R I P T
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[39]. The energy absorption during impact tests can be directly related to the 323 deformation capacity of the sample. In this sense, the impact energy of the 324 biocomposites decreased with increasing AS content. As it can be seen in Table 2, PCL  325 did not break during Charpy testing, whereas PCL10 showed the highest energy value, 326
followed by PCL20 and PCL30 (decreasing by 60 % compared to PCL10). The 327 incorporation of the ASP into the composite creates regions of stress concentration, due 328 to the high aspect ratio of AS particles, that require less energy to initiate a crack in the 329 composite [2, 35] . In general, as higher modulus was obtained less energy during impact 330 testing was shown. Also, the harder the material (Shore D hardness), the lower energy 331 will be able to absorb the polymer in an impact event (Table 2) . Then, the AS residue 332 reduces the polymer chain mobility and therefore its ability to absorb energy during 333 fracture propagation [36] . The obtained results are in accordance with previous works in 334 which different natural fibres such as wood [15] , Luffa cylindrica cellulose nanocrystals 335
[40] or chitosan [41] have been used as a reinforcement using PCL as matrix. 336 Table 2 . 337 338
Morphological characterization of PCL/AS biocomposites 339
An analysis of the fractured surfaces from impact tests can be useful to support previous 340 results obtained from Charpy impact energy and overall mechanical performance of the 341 studied biocomposites; as well as to deeply study the interaction between ASP and PCL 342 matrix (Fig. 5) . As it has been previously discussed, the obtained formulations 343 reinforced with AS particles showed increased resistance. This fact could be related to 344 an increase in density, being interactions considerably stronger as AS content increased. 345
In this sense, for PCL with 30 wt% AS loading ( fig. 5d ) some gaps and agglomerates 346 between the reinforcement phase and the matrix could be detected. As a result, as the The melting enthalpy of the sample is directly related to the degree of crystallinity (χ c ) and 375 inversely proportional to the PCL weight fraction in the biocomposite, as it is shown in 376 equation 1. As a result, the crystallinity of the biocomposites significantly increased with 377 the addition of the ASP content. The degree of crystallinity (X c ) of a material is an 378 indicator of its stiffness, and the higher its crystallinity is, the higher its stiffness [10] . 379 X c is generally affected by the dispersion, the loading level, and the surface chemistry 380 of the filler [35] . Crystallinity also influences the mechanical properties of 381 thermoplastics. In this sense, the observed improvement in the tensile modulus of AS 382 filled PCL composites can be attributed to the obtained increase in crystallinity. Table 3 . 395 
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(data not shown). Some decrease in thermal stability was observed for biocomposites 398 with the addition of the AS filler regarding T ini and T max values (Table 3) The mass loss of a material due to the enzymatic degradation process may serve as a 444 measure of the degradation degree. Figure 7a shows the weight loss profiles of neat 445 M A N U S C R I P T
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degradation time was observed for all samples. As it can be seen from Fig. 7a , at the 448 first stage, the rate of enzymatic degradation was slow for all samples, because there 449 was an incubation period for the enzyme. However, a higher degradation rate was 450 observed for samples with higher content of PCL, suggesting that AS did not 451 significantly enzymatic degrade under these test conditions. As a result, the enzymatic 452 degradation of PCL was retarded in the presence of AS. In fact, a significant higher The rate of hydrolytic degradation of ester linkages is affected by different factors; such 463 as water absorption (WA). In general, actions which increase the penetration of water 464 accelerate the rate of hydrolysis. Two other important factors are the polymer's glass 465 transition temperature (T g ) and crystallinity, both of which reflect the ability of water to 466 access the polymer chains [49] . In this work, higher WA values were obtained with 467 increasing AS content (Fig. 7b) , showing a similar trend to that obtained for non-468 degraded samples. According to Kodama, Pseudomonas lipase is able to break esters 469 linkages in hydrophobic substrates, as it is the case of PCL. Also, it was described that 470 Table 4 and Fig. 8 . As it can be seen, in general, no significant differences were 477 obtained for crystallization and melting parameters, including T g and X c values, with 478 degradation time for neat PCL; suggesting that thermal properties did not affect 479 enzymatic hydrolysis rate of PCL in the biocomposites as they did not altered during the 480 process. Regarding biocomposites, higher crystallization and melting enthalpies (Table  481 4), and T g and X c values ( Fig. 8a and 8b , respectively) were obtained during hydrolysis 482 at 25 days compared to neat PCL. A high T g corresponds to relatively limited molecular 483 motion and low free volume within the polymer network, meaning that less space is 484 available for water molecules to penetrate. Similarly, a high degree of crystallinity 485 limits hydration through the ordered packing of polymer chains [49] . Also, it is a well-486 known phenomenon that the amorphous regions are more susceptible to hydrolysis, 487 leading to increasing crystallinity during degradation of semi-crystalline polyesters. The 488 shorter chains formed during degradation also have higher mobility, allowing for 489 reorientation of the crystalline phase, which increases crystallinity. The obtained DSC 490 results are in good agreement with previous weight loss profiles where a lower rate of 491 hydrolysis was observed for biocomposites compared to neat PCL which showed a 492 higher weight loss at 25 days of study. 493 TGA results (Table 4) showed that the enzymatic degradation did not affect the thermal 495 stability of neat PCL since no significant differences were observed in T max and T iniM A N U S C R I P T
were observed for each formulation with degradation time; being more significant for 498 PCL with 20 and 30 wt% of AS after 25 days of degradation. 499 Table 4 . 500 Finally, the surface morphology of neat PCL and PCL/AS biocomposites before and 501 after enzymatic degradation for different times was studied by FESEM. The obtained 502 results are shown in Fig. 9 . As it can be seen, the surface of neat PCL was very smooth 503 before degradation compared with that of biocomposites. After 7 days of degradation, a 504 clear surface erosion with the appearance of different holes on neat PCL and all 505 biocomposites was observed by the function of lipase, in particular at higher AS 506 loadings. In this sense, higher AS particles were observed in biocomposites with 507 increasing time, being more noticeable for PCL20 and PCL30 samples. This fact could 508 be explained by the chain mobility and water absorption observed with time which 509 enhances the polymer erosion. 510 This effect could also be explained in terms of the increase in crystallinity obtained for 534 the biocomposites during hydrolysis at 25 days compared to neat PCL. In conclusion, 535 the biocomposite containing 10 wt% of AS loading showed the best performance 536 regarding the studied properties; since better mechanical behaviour and lower 537 differences regarding thermal and water absorption properties were obtained compared 538 to neat PCL. As a result, this reinforced formulation will be more competitive than pure 539 PCL materials in the marketplace, increasing also the added-value potential of almond 540 agricultural wastes. 
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30 Tables   Table 1 . Main significant FTIR bands identified for ASP sample. 
